Coplanar slow-wave electrode structures capable of matching the velocities of microwaves to those of optical waves in compound semiconductor based electro-optic modulators are described. In such an electrode microwaves are slowed by periodically adding pairs of capacitive loading fins to the electrode to increase its capacitance per unit length, without obtaining a corresponding decrease in its inductance per unit length. Electro-optic modulators having wide bandwidths and requiring small amounts of modulating power may be realized by using slowwave electrodes to achieve the velocity-match condition. The theory of operation of, and the results of some measurements on, electrodes of this type are presented.
INTRODUCTION
The velocity mismatch between an optical signal and a microwave signal in a conventional integrated electro-optic travelling-wave modulator is a fundamental problem1'2. When a velocity mismatch exists there is a change in phase of the modulating signal, the microwave, as "seen" by the modulated signal, the optical wave, as the two propagate down the modulator. To reduce this effect the interaction lengths between the microwave and the optical wave are kept relatively short; however, the use of short interaction lengths increases the power needed to obtain a given modulation. In other words, there is a limit on the bandwidth that may be achieved per unit modulating power. On the other hand, if the microwave and optical wave velocities are matched, then the interaction lengths can be made very long, limited only by attenuation. Since the voltage-length product characterizes electro-optic modulators of this type"2, when the length need not be limited, the power needed to achieve a given modulation may be made arbitrarily small. In this paper a slow-wave electrode structure, that can be easily fabricated on gallium arsenide and indium phosphide based materials and that can be used to obtain the needed velocity-match3'4'5 condition, is described.
Here we are concerned with electro-optic modulators fabricated using compound semiconductors since in conventional lithium niobate based modulators the optical wave travels faster than the microwave. In other words, in lithium niobate based modulators a fast-wave electrode would be needed to achieve velocity-match, whereas in modulators fabricated using gallium arsenide or indium phosphide based materials the microwave travels faster than the optical wave and a slow-wave electrode may be used3'4'5. In this paper we give the theory of operation of our slow-wave electrodes, investigate their high frequency potential, and present the results of some measurements on such structures.
THEORY
The microwave is slowed as a result of the increased capacitance per unit length, without a corresponding decrease in the inductance per unit length, of these electrodes, brought about by the periodic addition of narrow capacitive loading fins3'4'5. Capacitive loading fins of length 1 and width W2 are added in opposing pairs, separated by a gap of width S2 and having a period d, to coplanar strips of width W separated by a gap of width S1; both the fins and the coplanar strips are of thickness t. The structure is shown in Figure 1 . The fins must be narrow to effectively load the strips, since narrow fins have a higher capacitance to fin length ratio than wide fins and since narrow fins can increase the capacitance per unit length while having comparatively little effect on the inductance per unit length; here, the word "narrow" means having a large W2 to 1 ratio.
To determine the high frequency potential of our slow-wave electrodes we have modelled them as lossless and have treated the fins as being purely capacitive, see Figure 2 . The slowwave electrode is divided into sections and a transfer matrix method is used6'7'8. Across any particular section the voltage and current on one side are related to the voltage and current on the other side by a 2 x 2 matrix. In the model shown, the slow-wave (loaded) electrode consists of two sections of unloaded electrode, each extending a distance d/2 in either direction from the centre of an opposing pair of fins, and a central capacitive section, consisting of the opposing pair of fins. Using network analysis, the voltage Vand current I for the ii" and (n+1)th sections are related by cos: jZ sin-1-cos:
(1)
where C, (*) , Z0, and k are, respectively, the capacitance of a pair of fins, the radian frequency of the microwave, the characteristic impedance of an unloaded electrode, and the propagation constant for an unloaded electrode. Equation (1) can be written in terms of an equivalent transfer matrix
COSd jZ'sind V = where Neff fld N0 are, respectively, the effective refractive indices for the loaded and the unloaded electrodes, and, in turn, N0 is given by N = iI €r+1
where Er 5 the relative permittivity of the substrate (here the superstrate is assumed to be air having a relative permittivity of 1). From equations (1) and (2) one obtains cosl3d = coskd-CZ0.kd (5) and
Equations (3), (5) and (6) provide useful information on the characteristics of the slow-wave electrodes: Neff, dispersion, phase velocity, group velocity, and high frequency filter characteristics.
The slow-wave electrode's phase and group velocities (v = &B and Vg d(*)/d13) are found by solving Equation (5) . Figure 3 shows v, and Vg vs. frequency for a typical structure on gallium arsenide (e,. = 12.9 9) that meets the velocity-match condition Neff 3.43; for this case we set 1 = 1 m, W2 = 7 m, S2 = 1 jim, and t = 0.5 jim, and calculated d = 7.3 jm and Z0 = 65 ohm. Figure 4 shows w vs. 13; it is apparent that at very high frequencies, when the fin spacing d becomes comparable to a wavelength, the electrode begins to behave like a band-pass filter. The transmission of the slow-wave electrode will be cut off when the lowest stop-band is reached. Figure 5 shows Z' vs. frequency.
In the foreseeable future modulators using these electrode structures would probably operate at frequencies that are far lower than the lowest stop-band frequency. In this regime the fin spacing is much smaller than the wavelength of the microwave so that Bd c 1 and lcd c 1. Therefore, equations (5) and (6) can be simplified. Using N0 = cILC]"2 and Z0 = /L/C]1"2 6 it can be shown that the effect of adding the fins simply amounts to increasing C to C + C/d, where c, L, and C are, respectively, the speed of light in vacuum, the inductance per unit length, and the capacitance per unit length5. Up to this point we have assumed that the fins were purely capacitive elements and that they did not change the inductance per unit length. To allow for changes in the inductance per unit length a weighted average was used3'5 such that Neff and Z' are given by (8) where Z1 is the characteristic impedance of an unloaded electrode with a gap width of S2 and having strips of width W + W2. From equations (7) and (8) the design formulas3'5 can be obtained:
NeffZ" = [z0 (12) +z1]N (9) and Neff = !:÷Ef, ( 
10) z/ Z0 d
For the structures considered Z1 is typically significantly less than Z0 and, hence, the term Z11/d may be ignored. The capacitance between two fins was calculated for various fin dimensions using both finite 112 and finite element'3 methods. Design curves for 50 ohm electrodes on gallium arsenide (c,. = 12.9, Neff 3.43 12) and indium phosphide (e,. = 12.4, Neff 3.24 1415) substrates were generated; these are given in Figures 6 and 7 , respectively. Here, the electrodes were assumed to be half-buried in the substrate; however, the curves can still be used for surface deposited electrodes when they are relatively thin. In designing the electrodes, one first chooses the dimensions of the fins to be used, then d and Z0 are obtained from these curves. The value of W is simply that for a pair of unloaded coplanar strips having the Z0 given by the curves16"7.
MEASUREMENTS
In order to verify our theory half-buried aluminum slow-wave electrodes were fabricated on gallium arsenide substrates and their Neff'S were measured. They were fabricated using a single-step lift-off technique9. The electrodes were half-buried in the substrate by performing a controlled etch prior to depositing the aluminum.
To measure the Neff' S we used a resonance technique. The equipment used included a microwave scalar network analyzer, a synthesized microwave signal source, and a coplanar strip probe. The network analyzer was calibrated at the probe tip and was set up to measure the normalized reflected power, i.e., lOlog(reflected power/incident power), as a function of frequency. Due to the slight mismatch between the probe and the electrode, some of the microwave was reflected back into the electrode, producing resonance. The Neff'S were calculated by measuring the frequency separation between the peaks of the resonances using Neff 2Lei (11) where Lei 5 the length of the electrode and 4fis the frequency separation between two adjacent peaks. Figures 8 and 9 give the normalized reflected power vs. frequency for two electrodes. These electrodes had dimensions 4 x those that would probably be used in an eleótro-optic modulator, which allowed us to use photo-generated, as opposed to electron-beam generated, masks in their fabrication.
The dimensions, theoretically predicted Neff'5 Ifld ANff'5, measured Neff'5 fld IiNeff'5, for these electrodes are given in Table 1 
